Objective. to characterize the graft survivorship and clinical outcomes of osteochondral allograft transplantation (OCa) of the knee in patients with an elevated body mass index (BMi 2 ). Prior to OCa, 23 patients (74%) had undergone previous surgery to the ipsilateral knee. Mean duration of follow-up was 4.1 years (range, 2-11 years). after OCa, 5 knees (13%) underwent conversion to unicompartmental (1) or total (4) knee arthroplasty. two-and 5-year graft survivorship were 87% and 83%, respectively. at final follow-up, clinically significant improvements were noted in the pain (49.3-72.6) and physical functioning (52.9-81.3) subscales of the Short Form-36 (P ≤ 0.001), international Knee Documentation Committee subjective form (43.5-67.0; P = 0.002), Knee Outcome Survey-activities of Daily living (58.2-80.4; P = 0.002), and overall condition subscale of the Cincinnati Knee rating System (4.7-6.9; P = 0.046). Conclusions. OCa can be a successful midterm treatment option for focal cartilage defects of the knee in select patients with a BMi ≥30 kg/m 2 .
Introduction
Obesity has generally been considered a contraindication to cartilage repair procedures in the knee. In addition to being a risk factor for more rapid osteoarthritis progression and cartilage turnover in the knee, 1 obesity leads to greater joint reactive forces that increase rim cartilage deformation, opposing tibia cartilage incursion, and force transmission at the base of chondral defects. [2] [3] [4] Lacy et al. 2 investigated the effect of loads simulating a body mass index (BMI) of ≥30 kg/m 2 on isolated full-thickness medial femoral condyle defects and reported a decreased area of containment and increased force at the base of defects for those 16 mm or larger in diameter. 2 As a result, any reparative cartilage in the knees of obese patients may be highly prone to breakdown and failure. Previous studies have demonstrated poor functional outcomes, lower activities of daily living scores, and reduced cartilage in-fill after microfracture in patients with a BMI >30 kg/m 2 . 5, 6 Although a correlation between elevated BMI and poor clinical outcomes has not been specifically studied for other forms of cartilage surgery, a BMI threshold of 30 kg/m 2 has been used a criterion for some insurance companies to deny coverage for other cartilage restoration procedures. 7 However, in contrast to microfracture, which requires stable clot formation and biologic maturation of the reparative cartilage tissue, fresh osteochondral allograft transplantation (OCA) transfers viable, structurally stable, and mature hyaline cartilage into large chondral defects at the time of implantation. Therefore, compared to other types of reparative cartilage, OCA has much greater initial stability and may be more resistant to the increased joint reactive forces seen in heavier patients. Biomechanical studies have demonstrated that osteochondral grafts inserted flush to the host chondral surfaces restore rim stresses to near-intact conditions at the time of implantation. 8, 9 Long-term studies of OCA have demonstrated 5-and 10-year survival rates of 95% and 85%, respectively, for femoral condyle lesions with high patient satisfaction. [10] [11] [12] Nevertheless, it is unknown whether graft survivorship and clinical improvement remain high after OCA in obese patients.
The purpose of this study was to characterize the clinical results of OCA in patients with an elevated BMI (≥30 kg/ m 2 ). We hypothesized that OCA in patients with a BMI ≥30 kg/m 2 would demonstrate a low rate of complications, high survivorship, and clinically significant improvement in patient-reported outcomes at midterm follow-up.
Methods
In 1999, our institution implemented a prospective registry dedicated to the tracking of patient outcomes after articular cartilage restoration procedures. An institutional review board approved the registry, and all patients sign an informed consent form before participation. Patients included in the registry were evaluated preoperatively and were prospectively followed at 6 months and 1, 2, 3, 4, 5, and 10 years postoperatively.
Inclusion and Exclusion Criteria
Inclusion criteria included (1) BMI of ≥30 kg/m 2 , (2) symptomatic focal cartilage lesions in the knee that were classified as Outerbridge grade III or IV lesions at the time of arthroscopic surgery and did not involve substantial bone loss requiring additional bone grafting, (3) treatment with fresh osteochondral allograft, and (4) a minimum of 2 years of follow-up. Exclusion criteria for this cartilage procedure were advanced osteoarthritis (OA) exceeding a KellgrenLawrence grade of 2, simultaneous multiligamentous reconstruction, inflammatory arthritis or autoimmune conditions, and inability to comply with the postoperative rehabilitation protocol.
Patients
Demographic, preoperative, intraoperative, and postoperative data were collected for all patients. Demographic data included age, sex, and BMI. Preoperative data included the number and type of previous ipsilateral knee surgical procedures and baseline patient-reported outcome scores. Lower leg alignment was assessed and recorded during the preoperative office visit. For the majority of patients, long-leg radiographs were only obtained if gross malalignment was detected and an osteotomy was being considered. Intraoperative data included laterality, exam under anesthesia (range of motion, ligamentous stability), location, size, and depth of the chondral defect(s), concomitant procedures performed, and postoperative rehabilitation protocol. Postoperative data included complications, reoperations, and patient-reported outcome scores at a minimum of 2 years after surgery.
Surgical Technique
All surgical procedures were performed by fellowshiptrained orthopedic surgeons at a single institution with extensive experience in OCA transplantation. After induction of neuraxial anesthesia and examination of the knee under anesthesia, patients were treated with an initial diagnostic arthroscopy of the joint for assessment of the chondral lesion as well as the other articular surfaces, menisci, and ligaments. Any meniscus tears were addressed with partial meniscectomy or repair.
Fresh cold-stored osteochondral allografts were obtained from commercially available sources. Donor tissue was screened and processed according to American Association of Tissue Banks standards. 13 Preoperatively, donor and recipient were matched on the basis of size using standard anteroposterior radiographs. Grafts were transplanted between 16 and 28 days after harvest depending on serologic testing and patient availability. After the arthroscopic portion of the procedure, OCA was performed via the dowel technique described by Williams et al. 14 Briefly, chondral lesions were exposed via a small parapatellar arthrotomy and debrided to a stable rim. Lesions were then sized and reamed to a bed of normal bone, and an appropriate graft was taken from the corresponding region of the osteochondral allograft. Lesion depth was carefully measured at 3 to 4 points around the lesion, marked, and matched on the donor tissue. Grafts were then gently impacted into place for press-fit fixation. Grafts were a single or dual circular dowel shape, depending on lesion shape.
Postoperatively, patients remained touchdown or nonweightbearing for a minimum of 1 to 2 weeks. Those treated with concomitant meniscus allograft transplantation or realignment osteotomy were kept touchdown weightbearing for a minimum of 6 weeks. Full range of motion was permitted immediately and encouraged with the use of a continuous passive motion device. Brace wear was discontinued at 2 to 6 weeks. A supervised physical therapy program was undertaken postoperatively in all cases. The duration of the postoperative physical therapy program depended on the restoration of normal gait, return of quadriceps function, and performance of sport-specific skills. Return to athletics was initiated on an individual patient basis, typically starting with a running program at 6 months. Higher level activities were then progressed thereafter depending on return of lower extremity strength.
assessment of Clinical Outcomes
All complications and reoperations after the index OCA were documented. A reoperation was defined as any subsequent surgery on the ipsilateral knee, including arthroscopic chondroplasty, removal of loose bodies, lysis of adhesions, and hardware removal. Failure of the allograft was defined as any procedure that involved removal or revision of the allograft, unicompartmental knee arthroplasty (UKA), or total knee arthroplasty (TKA).
The general health outcome for each patient was assessed with use of the Short Form-36 (SF-36) (version 1.0), 15 which has the ability to evaluate 8 domains of general wellbeing. Only the general health, pain, physical functioning, and role limitations due to physical health domains were reported in this study. Knee function was assessed with use of the International Knee Documentation Committee subjective form (IKDC) and the Knee Outcome SurveyActivities of Daily Living (KOS-ADL). The IKDC score is a reliable and valid knee-specific measure of symptoms and function and has been shown to provide a good overall measure of knee-related disability in patients who have undergone a cartilage restoration procedure. 16, 17 Similarly, the KOS-ADL has been shown to have high reliability, validity, and responsiveness in athletic patients with various knee conditions. 18 Patient activity level was assessed with use of the Marx activity rating scale. 19 Finally, the overall condition of the knee was assessed using the patient perception component of the Cincinnati Knee Rating System. 20 This is a single item that asks "Rate the overall condition of your knee at the present time" on a numeric 1 to 10 rating scale, with 2 indicating "poor-I have significant limitations that affect activities of daily living," 4 indicating "fair-I have moderate limitations that affect activities of daily living, no sports possible," 6 indicating "good-I have some limitations with sports but I can participate; I compensate," and 10 indicating "normal/excellent-I am able to do whatever I wish (any sport) with no problems." 20 An independent observer performed postoperative data collection for all clinical outcome instruments. All these knee-specific outcome instruments have been used previously to prospectively evaluate articular cartilage repair procedures in the knee.
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Statistical analysis
Kaplan-Meier survivorship analysis was performed for graft failures, with comparisons between groups conducted using the log-rank test. Comparisons between factors were performed using the Mann-Whitney tests for binary characteristics and chi-square or Fisher exact tests for discrete variables. Changes in subjective patient outcome scores (SF-36, IKDC, KOS-ADL, Marx Activity Rating Scale, and overall condition) between preoperative and postoperative time points were assessed using the Wilcoxon signed rank test. Two-tailed tests were used for all statistical analyses with a critical P value set to 0.05 to indicate significance.
Results
A total of 1902 registry patients were screened, and 38 consecutive patients treated between 2000 and 2014 met the inclusion and exclusion criteria. Seven patients were lost to follow-up. As a result, a total of 31 knees in 31 patients were analyzed (82% follow-up). The mean age was 35.4 years (range, 17-61 years), and the mean BMI was 32.9 kg/ m 2 (range, 30-39 kg/m 2 ). Eight patients had a BMI of ≥35 kg/m 2 at the time of surgery. Mean duration of follow-up was 4.1 years (range, 2-11 years). Patient demographics, chondral lesion characteristics, and concomitant procedures are shown in Table 1 .
Seven knees (23%) had previously undergone a cartilage restoration procedure, including microfracture (n = 5), autologous chondrocyte implantation (ACI; n = 1) and OCA at another institution (n = 1). Five patients (16%) had previously underwent anterior cruciate ligament reconstruction (ACLR). Documented Lachman and pivot shift grades at the time of exam under anesthesia were 1A and 0, respectively, for 3 of these patients who did not have any symptoms or signs of ACL graft failure. The other 2 patients had positive signs of ACL graft failure preoperatively-one was treated with combined OCA, revision ACLR, and high tibial osteotomy (HTO), and the other was treated with combined OCA, revision ACLR, and posterolateral corner repair. Three knees (10%) were treated with a combined OCA and meniscus allograft transplantation. Two knees had varus malalignment preoperatively and were treated with concomitant valgus-producing HTO, and one knee had valgus malalignment preoperatively and was treated with a concomitant varus-producing distal femoral osteotomy. For all other patients, alignment was normal or the mechanical axis did not fall through the region of the planned cartilage restoration procedure. Three knees (10%) were treated with both medial and lateral condylar OCAs. There were no patellar or tibial OCAs in this series.
Complications, Reoperations, and Failures
No superficial or deep infections were observed in the initial postoperative period after OCA. Three knees (10%) developed arthrofibrosis postoperatively and were treated with lysis of adhesions/scar excision. No other perioperative complications were reported.
At final follow-up, 11 patients (35%) had undergone a reoperation to the ipsilateral knee after OCA ( Table 2) . Four patients (13%) underwent arthroscopic chondroplasty and/or loose body removal. One patient had a prior subtotal meniscectomy on the side of the treated chondral defect and was treated with meniscus allograft transplantation 29 months after the index OCA. At the time of meniscus allograft transplantation, the previously implanted osteochondral allograft was intact on second look. This patient did not have any subsequent surgery after the meniscus allograft transplantation. Failures were documented in 5 patients (16%) as defined by subsequent UKA (n = 1), and TKA (n = 4). The mean time to failure was 19.6 months (range, 14-27 months), and the average age of the patient at the time of failure was 47.4 years (range, 38-63 years). Kaplan-Meier survival analysis demonstrated 87% and 83% survivorship at 2 and 5 years, respectively (Fig. 1) .
There was no significant difference in failure rate between patients with a BMI of ≥35 kg/m 2 and patients with a BMI 30 to 34 kg/m 2 (P = 0.417).
Outcome Scores
Of the 27 patients with surviving allografts at a minimum of two years after OCA, 23 had complete responses to outcome measures (85%). Postoperatively, statistically significant improvements were noted in the pain, physical functioning, Table 3) . These score improvements are larger than published thresholds indicative of a minimally clinically important difference. [26] [27] [28] In contrast, no statistically significant changes were noted in the SF-36 general health subscale or Marx activity rating scale.
Comparison of outcome scores between patients with a BMI of ≥35 kg/m 2 and those with a BMI 30 to 34 kg/m 2 demonstrated no significant differences in postoperative and change scores at final follow-up.
Discussion
In this present study of OCA in patients with a BMI of ≥30 kg/m 2 , there were no perioperative complications other than arthrofibrosis. Two-and 5-year graft survivorship was 87% and 83%, respectively, with a mean time to failure of 19.6 months. Patients with surviving allografts at a minimum of 2 years after OCA reported clinically significant improvements in the pain, physical functioning, and role limitations due to physical health subscales of the SF-36, IKDC, KOS-ADL, and overall condition scores. These favorable results suggest that a patient BMI of ≥30 kg/m 2 should not be an absolute contraindication to this procedure for select patients.
A threshold BMI of 30 kg/m 2 as a contraindication for cartilage repair in the knee appears to be partly derived from the definition for obesity (BMI ≥30 kg/m 2 ), its association with higher rates of knee osteoarthritis and need for TKA, and its correlation with worse outcomes after microfracture and knee arthroplasty. 5, 6, [29] [30] [31] Among all types of surgeries, obese patients have a significantly higher risk of perioperative complications, including myocardial infarction, wound infection, nerve injury, urinary tract infection, and death. 32 Within the cartilage repair literature, an elevated BMI has been negatively correlated with clinical outcomes after microfracture, ACI, and matrix-induced autologous chondrocyte implantation (MACI). 5, 6, 33 Mithoefer et al. 5, 6 first examined the correlation between an elevated BMI and outcomes after microfracture treatment of isolated chondral defects of the femur and reported that patients with an elevated BMI had poor repair fill on magnetic resonance imaging and a decreased improvement in SF-36 physical component, KOS-ADL, and subjective rating scores. Specifically, those with a BMI of >30 kg/m 2 demonstrated the least postoperative improvement and poorest outcome scores. Jaiswal et al. 33 examined 60 patients treated with ACI and 62 treated with MACI. Patients with an ideal weight demonstrated sustained improvement in modified Cincinnati scores throughout the 2-year study period, while obese patients (defined by the authors as a BMI of >30 kg/m 2 ) demonstrated no improvement in scores at 2 years. These results are not surprising, given that the reparative cartilage tissue created by these techniques is immature at the time of implantation and typically requires 12 to 36 months before complete biologic maturation. 34, 35 Because full weightbearing is initiated well before the completion of maturation, the immature repair tissue would be prone to early breakdown as a result of the greater loading conditions in the knees of heavier patients, compromising its functionality and longevity.
In contrast, osteochondral grafts are structurally stable 2-phase constructs consisting of a mature osteochondral interface, conferring superior stability and resistance to joint loads at the time of implantation. Additionally, with its viable and mature chondral layer, osteochondral grafts are able to absorb loads as well as distribute rim stresses at the graft-recipient interface when inserted flush to the host surface. 8, 9 Although a few studies have examined the association between BMI and outcomes after OCA, none have specifically characterized the mid-to long-term clinical outcomes of OCA in obese patients. 10, 36 In a case series of 224 patients treated with OCA, of which a large portion (36%) underwent concomitant meniscus allograft transplantation, Frank et al. 10 identified elevated BMI as an independent risk factor for failure. However, the difference in BMI between failures and nonfailures was only 3. Certainly, there appears to be a trend toward higher risk of graft failure and less successful outcomes in heavier patients treated with OCA; however, our results suggest that OCA in obese patients can still provide good clinical outcomes with low complication rates, high graft survivorship, and high patient satisfaction. The 2-and 5-year graft survivorship of 87% and 83% in this series is comparable to that reported in recently published OCA studies of patients with normal BMIs using fresh press-fit grafts. 10, 14, 37, 38 It is important to note that our series of patients consisted of a younger, athletic population without significant medical comorbidities, such as diabetes or cardiovascular disease, that would increase the risk of perioperative complications. Additionally, neuraxial anesthesia is almost always used for this procedure at our institution and has been shown to reduce the risk of blood loss, deep venous thrombosis, and pulmonary compromise compared with general anesthesia, particularly in the obese patient. 39, 40 Another potential reason for the good outcomes found in this study include the absence of patellar or bipolar OCAs, which have been shown to have higher failure rates and inferior outcomes. 41, 42 Furthermore, obese patients with knee osteoarthritis are more likely to have joint loads concentrated in the medial compartment due to varus malalignment. 43 However, more patients in this series were treated with lateral condylar OCAs (48%) than medial condylar OCAs (42%). Therefore, the osteochondral grafts implanted in our series may not have experienced the higher loading conditions thought to increase the risk of failure in heavier patients.
There are several limitations of this study. Mean followup was only 4.1 years, allowing us to only make conclusions regarding the intermediate-term following OCA. Longer follow-up is needed to more accurately assess graft longevity and allow for longitudinal tracking of outcome scores to assess for any potential deterioration in symptoms and function. Additionally, the lack of long-term imaging follow-up precluded additional investigation into the healing and integrity of the grafts as well as any progression of osteoarthritis. Comparison with a control group with a BMI of <30 kg/m 2 was not performed; however, failure of OCA depends on a multitude of factors (e.g., number of previous surgeries, chondral defect location and size) that can be difficult to control for without a large number of patients in each group. The majority of patients did not have preoperative long-leg standing radiographs (ordered based on the surgeon's discretion), which precluded a more accurate quantification of lower leg alignment in this study. The decision to perform a concomitant osteotomy or meniscus allograft transplantation was mostly dependent on surgeon and patient discretion, rather than predetermined thresholds of malalignment and meniscal deficiency, respectively. Finally, this study consisted of patients treated by surgeons at a single institution who perform a high volume of OCAs, potentially introducing performance bias.
In conclusion, OCA can be a successful midterm treatment option for focal cartilage defects of the knee in select obese patients. Compared with microfracture and ACI/ MACI, structural osteochondral grafts have superior time zero stability, are more capable of bearing and sharing loads, and are more resistant to the increased joint reactive forces seen in heavier patients. These findings may help expand the clinical indications for OCA of the knee in patients with an elevated BMI; however, further long-term outcomes should be studied.
